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HIGHLIGHTS 


• FeS plays a critical role in initial activation of Na-NiCl 2 battery. 

• The formation of polysulfide is related to the removal of the passivation layer. 

• There is an optimum level of FeS that minimizes degradation of cells. 
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The role of iron sulfide (FeS) in initial cell activation and degradation in Na-NiCl 2 battery was investi¬ 
gated in this work. The research focused on identifying the effects of FeS levels on the electrochemical 
performance and morphological changes in the cathode. The x-ray photoelectron spectroscopy study 
along with battery tests revealed that FeS plays a critical role in initial battery activation by removing 
passivation layers on Ni particles. It was also found that the optimum level of FeS in the cathode resulted 
in suppressing Ni particle growth and improved battery cycling performance. The results of electro¬ 
chemical characterization indicated that sulfur species generated in situ during initial charging, such as 
polysulfide and element sulfur, are responsible for removing the passivation layer. Consequently, the cells 
containing elemental sulfur in the cathode exhibited similar electrochemical behavior during initial 
charging compared to the cells containing FeS. 

Published by Elsevier B.V. 


1. Introduction 

Molten-sodium-based batteries have been investigated for a 
couple of decades, since Kummer and Weber of the Ford Motor 
company proposed a sodium—sulfur (Na—S) battery for a train 
development program in 1967 [1,2], Although molten-sodium- 
based batteries were initially developed for transportation appli¬ 
cations, molten-sodium-based batteries such as Na-S and sodium- 
metal halide (ZEBRA) batteries are now recognized as one of the 
most promising candidates for large-scale energy storage systems 
for renewable energy and grid applications [3—7], Na—S batteries 
and ZEBRA batteries share common features, such as a molten so¬ 
dium anode and p" alumina solid electrolyte (BASE) in the cell ar¬ 
chitecture. In the case of the ZEBRA battery, the use of solid metal 
halides (NiCh, FeCh, etc.) as active cathode ingredients requires a 
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molten secondary electrolyte, sodium tetrachloroaluminate 
(NaAlCLi), in order to facilitate movement of the Na + ion in the 
cathode [8-12], The ZEBRA battery provides several benefits over 
the Na-S battery, including high open-circuit voltage, lower oper¬ 
ating temperature, safe cell-failure mode, and ease of assembly in 
the discharged state without using metallic sodium in the anode 
[3,5,7], 

Among ZEBRA batteries, the sodium-nickel chloride (Na-NiCh) 
battery has been most widely investigated as a promising system 
for application to large-scale energy storage [13], A tubular 
Na—NiCh battery is operated in the temperature range between 
250 and 300 °C in order to achieve adequate ionic conductivity of 
the solid electrolyte and secondary liquid electrolyte [14], Electro¬ 
chemical reactions of a Na—NiCb battery during charging and 
discharging processes are described as follows: [14] 

Charge state <-> Discharge state: 

Na (molten) «-> Na + + e _ anode reaction 
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NiCl 2 + 2Na + + 2e <-> Ni + 2NaCl cathode reaction 

Overall redox reaction: 

2Na + NiCl 2 «• 2NaCl + Ni, E 0 = 2.58 V at 300 °C (1) 

Unlike a Na-S battery, a Na-NiCl 2 battery is typically assem¬ 
bled in the discharged state, avoiding the use of reactive, hazard¬ 
ous materials such as anhydrous nickel chloride and metallic 
sodium [15], The starting cathode materials in the discharged state 
consist of fine nickel powder, sodium chloride powder, and a few 
other ingredients as additives [14,16], During the initial charging 
process, Ni is oxidized to form NiCl 2 in the cathode and Na ions 
from NaCl are reduced to metallic Na in the anode after trans¬ 
porting through the BASE. The key feature of a Na—NiCl 2 battery is 
the charging step, which is considered the rate limiting step due to 
the formation of a poorly conductive NiCl 2 layer on the surfaces of 
Ni particles and the sluggish dissolution of NaCl particles in the 
melts (NaAlCLj) [16], The active surface area of Ni particles, which 
relates to Ni particle size and Ni content (NaCl/Ni ratio), is one of 
the critical factors for battery performance because the Ni redox 
reaction can only occur on the surfaces of electrically conducting 
Ni particles [16—18], Among additives blended in the cathode 
materials, such as other sodium halides (NaF, Nal), aluminum 
powder, and iron sulfide (FeS), FeS is considered the most impor¬ 
tant additive for the Na—NiCl 2 battery [14], However, despite the 
importance of using FeS in the Na-NiCl 2 battery, only limited 
experimental results are available to understand its role. To our 
best knowledge, the detailed electrochemical reaction mecha¬ 
nisms of FeS in the Na—NiCl 2 battery have not yet been clearly 
identified. 

In this work, extensive investigations were performed to un¬ 
derstand the role of FeS additives in the Na-NiCl 2 battery. X-ray 
photoelectron spectroscopy (XPS) was conducted to identify the 
reactions of FeS on the Ni surfaces. The morphological changes of Ni 
particles were also closely monitored with different levels of FeS in 
the cathode. Based on the results of electrochemical tests, XPS and 
scanning electron microscopy, the roles of FeS in the cathode will be 
discussed, including the removal of passivation layers on the Ni 
particles. 

2. Experimental 

2.1. Material preparation 

Cathode materials used in this work consisted of Ni (Novamet, 
Type 255), NaCl (Alfa Aesar, 99.99%), and additives (FeS, aluminum, 
Nal, and NaF) reported in our previous publications [10], The 
amounts of FeS loadings were 0.01,0.1,1 and 2 mol% in the cathode 
mixture, which were referred to as 0.01 x, 0.1 x, lx, and 2x, 
respectively. For comparison, cells with 1 x elemental sulfur (Sigma 
Aldrich, 99.5%) loading (1 mol% elemental sulfur) were prepared. 
The cathode materials were thoroughly mixed using a low-energy 
ball milling method followed by the formation of granules using a 
granulator (Freund TF-Labo). The NaAlCU secondary electrolyte was 
prepared using the procedure reported in our previous publications 
[19]. ~1 g of cathode granules with the Ni/NaCl molar ratio of 1.82 
was used in each cell, corresponding to a theoretical capacity of 
157 mAh. 

2.2. Planar button cell and cell tests 

The button cell consisted of the battery case (cathode and 
anode cases), a-alumina (99.5% purity) fixture, and BASE (3 cm 2 
active area) as reported in our previous publications [16,18]. 
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with no FeS (Ox loading, red). The first charging consists of three steps: 0.6 mA (2 h), 
1 mA (10 h), and 10 mA (cutoff at 2.8 V). The discharge step is a constant current 
discharge at -10 mA (capacity cut at 20% SOC). (B): Expanded view of voltage profiles 
of first charge in low-current charging periods for cells with Ox (red) and lx FeS 
(black) in the cathode. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 


Composite yttria-stabilized zirconia (YSZ)/P" alumina BASE discs 
were fabricated using the vapor phase conversion process [20], 
The thickness of the BASE disc after conversion and creep¬ 
flattening was 500 pm. Before loading any active materials, a 
BASE disc was glass-sealed to an a-alumina fixture. The anode 
side of a BASE disc was further treated with an aqueous lead 
acetate (Pb[CH 3 COO] 2 ) solution and heat treated at 400 °C under 
nitrogen in order to improve the wettability of the molten sodium 
[16]. 

Cell tests were carried out using an Arbin potentiostat (MSTAT 
8000) controlled by vendor supplied software (MITS Pro). The 
maiden (first) charging process of the cells was conducted 
following three steps with different charging currents (0.6 mA for 
2 h, 1 mA for 10 h, and 10 mA until the cell voltage reached 2.8 V) 
until the full capacity was achieved. For the maiden discharge, 
the cells were discharged at a constant current (10 mA, C/15) 
until the state of charge (SOC) of cells reached 20% (30 mAh). 
Once the maiden charge and discharge processes were 
completed, the cells were cycled with a fixed cycling capacity 
window (30—120 mAh) at C/3 (30 mA) with respect to the cycling 
capacity (90 mAh). 
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2.3. Characterization 

After battery tests, the fracture surfaces of the cathodes were 
observed using a scanning electron microscope (SEM, JEOL JSM- 
5900LV) equipped with an Oxford energy dispersive x-ray spec¬ 
trometry (EDS) system. The particle sizes of Ni in the cathodes were 
measured from SEM micrographs and elemental mappings of Ni. 

XPS was performed on raw Ni powder and a partially charged 
cathode using a Physical Electronics Quantum 2000 Scanning ESCA 
Microprobe equipped with a 16 element multichannel detector. 
This system uses a focused monochromatic Al Ka x-ray (1486.7 eV) 
source and a spherical section analyzer. The partially charged 
cathode (marked as “Cathode” in Fig. 2) was prepared by charging 
the cell with IX FeS up to the end of the second step (~7% SOC) 
during the maiden charge. Melts (NaAlCLj) in the cathode sample 
were washed out with tetrahydrofuran (THF) in a nitrogen-purged 
glove box to analyze the surfaces of Ni particles. 

3. Results and discussion 

Fig. 1 shows the first-cycle charge—discharge curves of cells with 
no FeS (Ox) and lx FeS. The cell containing lx FeS revealed a 
gradual voltage increase during the low-current charging steps 
(0.6 mA and 1 mA). The initial voltage of the cell containing 1 x FeS 
started from ~1.6 V, indicating the oxidation of aluminum additive 
in the cathode (A1/A1 3+ redox potential: 1.58 V with respect to Na/ 
Na + ). There was a slow voltage rise from 1.6 to 2.2 V during the 
lower-current charging steps (<1 mA). The cell voltage climbed up 
to a plateau around 2.6 V during the third charging step at 10 mA, 
indicating the oxidation of Ni to Ni 2+ (2.58 V with respect to Na/ 




Na + ). At the end of charging, a sharp increase in the cell voltage was 
observed, implying a depletion of NaCl in the cathode. In contrast 
with the 1 x FeS-loaded cell, a cell without FeS (Ox FeS) exhibited a 
high voltage profile (-2.5 V) during the lower-current charging 
periods. The cell without FeS quickly reached 2.8 V at 10 mA 
without showing a plateau related to the Ni/Ni 2+ reaction at -2.6 V. 
Consequently, no discharge capacity was observed during dis¬ 
charging. This result implies that the Na-NiCl 2 battery using con¬ 
ventional Ni powder could not be charged without FeS additive in 
the cathode. 

To understand the role of FeS in the initial activation of the 
Na-NiCh battery, XPS analysis was performed on the surface of 
particles of raw Ni powder as well as as-charged cells with FeS. 
Fig. 2A and 2C show wide XPS spectra collected from raw Ni 
powder and cathode samples with 1 x FeS after charging up to -7% 
SOC, respectively. The cathode was washed with THF to remove 
catholyte melts and to expose the Ni surface for XPS analysis. High 
resolution XPS spectra related to Ni 2p 3 / 2 and Ni 2p 3 / 2 are shown in 
Fig. 2B (raw Ni powder) and 2D (charged cathode). More attention 
was given to Ni 2P 3 / 2 spectra at lower binding energy because a 
better signal/noise ratio was observed for Ni 2P 3 / 2 spectra 
comparing to Ni 2Pi/ 2 at higher binding energy. The spectral line at 
852.7 eV is assigned to metallic Ni° while the peak at 861.5 eV is 
attributed to the shake-up satellite peak of NiO as reported in the 
literature [21 ]. The peak at 855.8 eV shown in Fig. 2B is interpreted 
as multiple assignments including Ni(OH) 2 , Ni 2 0 3 and NiO(OH) 
[22], A high resolution XPS spectrum collected from raw Ni powder 
clearly exhibited the presence of a passivation layer (oxide and 
hydroxide) on the surface of the Ni powder (Fig. 2B). The passiv¬ 
ation layer on the surface of the Ni powder can hinder 



Binding Energy, ev 
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Fig. 2. Wide scan ofXPS spectra for raw Ni powder (A), and cathode (C). “Cathode" refers to cathode granules taken from batteries charged up to the second step (1 mAh, 10 h) and 
washed with THF. See experimental section for the detailed sample preparation method. High resolution XPS spectra for raw Ni powder (B), and for cathode (D). 
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electrochemical reactions in the cathode due to (1) increase in 
ohmic resistance for the current path and (2) decrease in the 
electronically active surface area, as indicated by the poor electro¬ 
chemical performance of cells without FeS additive shown in Fig. 1. 

On the other hand, Ni 2p3/2 peaks collected from a partially 
charged cathode (Fig. 2D) revealed an intense component at 
852.7 eV, which is characteristic of Ni°, and a minor bump at 
857.2 eV, which can be mixed Ni 2+ components from Ni(OFI)2 and 
NiO. The significant reduction in the Ni 2+ -related peak indicates 
that the passivation layer of Ni powder was largely removed during 
the low-current charging periods. The disappearance of the 
passivation layer on the Ni powder for the charged cells containing 
FeS additive is in good agreement with the battery performance, 
which showed a lower overpotential and the full charging capacity 
(refer to Fig. 1 ). These results imply that the FeS plays a critical role 
in the activation of a Na—NiCh cell by removing the passivation 
layer of Ni particles, and hence allowing an electrochemical reac¬ 
tion (Ni redox) to occur on the surface of the Ni powder. To the best 
of our knowledge, this critical role of FeS in the Na-NiCh battery 
has not been reported in detail elsewhere. Regarding the reaction of 
FeS, Sudworth proposed a possible electrochemical reaction of FeS 
as follows: [14] 

FeS + 2NaCl + Ni^ FeCl 2 + NiS + 2Na E = 2.37 V 




Fig. 3. Voltage profile (first cycle) for batteries with sulfur (1 x loading, blue) and FeS 
(1 x loading) for maiden charge and discharge (A), and expanded view of voltage 
profile for low-current charge period (B). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 


However, the results of electrochemical tests and XPS analysis 
suggested different electrochemical reactions of FeS. No obvious 
peaks related to NiS were observed in XPS spectra (Fig. 2C and 2D). 
Furthermore, the electrochemical reactions of FeS related to the 
removal of the passivation layer occurring during low-current 
charging steps revealed the voltage range from 1.6 to 2.2 V, as 
shown in the expanded views of voltage profiles (Fig. IB). This 
voltage profile is similar to sulfur redox reactions which have been 
extensively investigated in Na-S batteries. The oxidation of sulfur 



FeS loading 



Cycle 

Fig. 4. (A) Voltage profiles (10th cycle) for C/3 (30 mA) tests for cells with FeS loading 
at 0.01 x (black), 0.1 x (red), 1 x (green), and 2x (blue), respectively. (B) Resistance for 
different FeS loading cells at SOC 50% (10th cycle). See text for more detailed infor¬ 
mation. (C) End-of-charge voltage (EOC) plots of C/3 (30 mA) tests for each corre¬ 
sponding FeS loading over 60 cycles. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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during charging involves the formation of polysulfide species, such 
as Sn“ (n > 1) [1], The voltage profile related to the formation of 
polysulfide species in the Na-S battery ranges from 1.74 V (Na 2 S 2 . 7 ) 
to 2.08 V (Na 2 S5) [1 ], which is close to the voltage profiles of the cell 
with 1 x FeS during low-current charging steps. This indicates that 
polysulfide species were formed during low-current charging, 
rather than NiS, due to the reaction of FeS, NaCl and Ni. To test this 
hypothesis, a cell with lx elemental sulfur instead of FeS was 
tested to eliminate the possibility of the reaction between FeS with 
NaCl and Ni. The cell with 1 x sulfur shown in Fig. 3, which was 
expected to undergo polysulfide formation reaction, showed quite 
similar electrochemical behavior and voltage profile to those of the 
cell with lx FeS. This result implies that FeS may have been 
decomposed to sulfur rather than directly reacted with NaCl and Ni, 


and the formation of elemental sulfur and polysulfide was related 
to the removal of a passivation layer on the Ni powder. 

To evaluate the effects of FeS loadings on cell performance, cells 
with four different levels of FeS loadings (0.01 x, 0.1 x, lx, and 2x) 
were tested at 280 °C at the C/3 rate (30 mA) with a fixed cycling 
capacity of 90 mAh (20-80% SOC). The cutoff voltages for charging 
and discharging were set at 2.8 V and 1.8 V, respectively. The typical 
voltage profiles for charging and discharging are shown in Fig. 4A. 
Due to the higher current density, the overpotentials of cells run at 
C/3 are generally higher than those run at lower currents shown in 
Fig. 1A. The cell with lx FeS loading revealed the lowest over¬ 
potentials, especially at the end of charge. For a better comparison, 
the average polarization at 50% SOC was compared in Fig. 4B as 
defined by a following formula: 



Fig. 5. (A), (C), (E), and (G): SEM images (backscattering, lOOOx) for cathode granules from cells have different FeS loadings of 0.01 x, 0.1 x, lx, and 2x after testing at C/3 for 60 
cycles. (B), (D), (F), and (H): Ni mapping on corresponding SEM image shown on the left. 
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Pave = AV/(2j; = (V c - V d )l(2I) 

where / is the current (30 mA), and V c and V d are voltages during 
charging and discharging at 50% SOC, respectively. The average 
polarization was higher (-1.25 ohm) for 0.01 x and 0.1 x FeS load¬ 
ings, and decreased to 0.95 ohm for 1 x FeS loading (-25% lower 
compared to 0.01 x and 0.1 x FeS). It is interesting that the average 
polarization increased again with further addition of FeS (2x FeS 
loading: -14% higher compared to 1 x FeS loading). This result is 
consistent with the trend of the voltage profile at the end of 
charging, where lx FeS loading showed the least voltage rise 
(Fig. 4A). The degradation of each cell was observed in the change in 
the end-of-charge (EOC) voltage (Fig. 4C). As mentioned earlier, the 
EOC voltage (Veoc) was initially lower for 1 x FeS in comparison 
with 0.01 x, 0.1 x, and 2x FeS loadings. The cell with minimum FeS 
(0.01 x) revealed the fastest degradation, as indicated by the rapid 
increase in V E oc with cycles. For a more quantitative comparison, 
the voltage degradation rate (A\7 EO c/cycle) was calculated by linear 
fitting of the slope of \4oc-cycle plots between the 10th and 60th 
cycles, where the cells exhibited steady degradation. The A\4oc/ 
cycle values were 1.9 mV/cycle for 0.01 x FeS, 0.41 mV/cycle for 0.1 x 
FeS, 0.19 mV/cycle for lx FeS, and 0.25 mV/cycle for 2x FeS. Thus, 
the cell with 1 x FeS loading exhibited the slowest degradation rate 
as well as the lowest polarization. 

The fracture surfaces of cathodes were observed using SEM after 
60 cycles in order to understand the effects of microstructural 
change on cell degradation. Backscattered electron images and Ni 
mapping images collected from the cells with various FeS loadings 
are shown in Fig. 5. The brighter spots in the SEM micrographs 
represent Ni particles, as confirmed by EDS point analysis. It ap¬ 
pears that the growth of Ni particles during cycles was influenced 
by the FeS loading level. The average particle size in the cell with 
0.01 x FeS loading is about 10 pm, which is almost an order of 
magnitude larger than the original size (particle size of raw Ni 
powder: 1—2 pm). In contrast, fine Ni particles close to the taw Ni 
powder were observed in the cell with 1 x FeS loading, which also 
had the slowest degradation. The order of Ni growth 
(0.01X > 0.1 X = 2X > lx) is consistent with that of the cell 
degradation rate (0.01X > 0.1X = 2X > 1 x). 

It is important to understand the correlation between FeS 
loading and Ni particle growth, since Ni particle growth in cathodes 
is one of the important cell degradation mechanisms. It has been 
discussed by others and us that the larger Ni particles in the 
cathode lead to less active surface area for electrochemical re¬ 
actions and poor electron percolation path [16,17], Our previous 
publication [16] reported the correlations between battery oper¬ 
ating conditions (such as C-rate, Ni/NaCl ratio, and SOC at the end of 
charge) and Ni particle growth. In summary, higher C-rate (high 
current density), lower Ni/NaCl ratio, and higher SOC at the end of 
charge (larger capacity window) tend to promote Ostwald ripening 
of NiCl 2 , causing faster Ni particle growth. Although the initial 
amount of Ni powder was kept the same for all the cells with 
different FeS loadings, the amount of electrochemically active Ni 
can differ depending on the removal of the passivation layer. This 
deviation in electrochemically active Ni surfaces is most likely 
related to how much passivation layer has been removed by FeS. 
Incomplete removal of the passivation layer on the Ni particles 
possibly reduces the number of electrochemically active Ni parti¬ 
cles, giving the same effect as a lower Ni/NaCl ratio. As reported in 
our previous work, [16] a low Ni/NaCl ratio and higher C-rate in¬ 
duces higher local current density on active Ni particles and 
consequently Ni particle growth. This is in good agreement with 
the experimental results, where the largest Ni particle size was 


observed on the cell with 0.01 x FeS loading. It should be noted that 
the smallest size of Ni particle was observed for 1 x FeS rather than 
2x FeS; this indicates that excessive FeS also promotes the growth 
of Ni so that there is an optimum level of FeS loading which min¬ 
imizes the Ni particle growth and the cell degradation. 


4. Conclusions 


In this work, we investigated the effects of FeS on cell activation 
and degradation of the Na-NiCh battery. Detailed battery tests and 
XPS analysis revealed that FeS in the cathode plays a critical role in 
initial activation of batteries due to the removal of the surface 
passivation layer on Ni powders. The formation of polysulfide 
species rather than NiS was closely related to the removal of the 
passivation layer, which was observed in voltage profiles during cell 
activation and elemental sulfur addition. The removal of the surface 
passivation layers on Ni powder also influenced battery degrada¬ 
tion. There is an optimum level of FeS that minimizes the particle 
growth of Ni and the degradation of cells since both incomplete 
removal and excessive FeS cause Ni particle growth. The operation 
and degradation mechanism of the Na-NiCh battery have been 
conclusively addressed to understand the correlation between FeS 
in the cathode and Ni particle growth, which is critical for Na—NiCl 2 
battery development for sustainable cycle lifetime, especially for 
large-scale energy storage applications. 
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